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ABSTRACT 


This  thesis  builds  on  ideas  of  a  seismo-acoustic  sonar 
as  a  mine  detection  tool  and  is  part  of  an  ongoing  Naval 
Postgraduate  School  (NFS)  research  project.  Building  on 
this  foundation  of  research,  a  source  was  developed  to 
enable  mobility.  The  previous  NFS  array  [Sheetz]  design 
employed  an  array  of  sources,  buried  in  the  sediment  in  a 
line.  This  arrangement  is  somewhat  cumbersome  for  direct 
application.  A  practical  device  should  be  mobile  and 
create  a  high  source  signal  similar  to  the  previous  NFS 
array.  A  rolling  cylinder  provided  the  solution.  The 
cylinder  houses  two  shakers,  identical  to  the  previous  NFS 
array  elements,  mounted  directly  to  the  cylinder  wall.  The 
source  for  a  single  buried  array  element,  from  the  previous 
NFS  array,  and  a  single  rolling  cylinder,  placed  on  the 
surface,  were  shown  to  provide  similar  seismic  velocity  at 
ten  meters  range.  Using  this  rolling  source,  we  measured 
wave  speed  at  83  m/ s  by  signal  correlation  methods. 
Employing  two  rolling  cylinder  sources  against  a  buried 
1000  lb  bomb  at  five  meters  range  resulted  in  echo 
detection  with  only  internal  signal  analyzer  algorithms. 
The  ability  to  send  and  receive  signals  on  the  go  was 
proven  to  be  attainable  with  a  rolling  line  source. 
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I . INTRODUCTION 


This  thesis  documents  the  development  and  testing  of  a 
rolling  line  seismic  source  for  detection  of  objects  buried 
in  the  surf  zone. 


Buried  mines  are  a  major  threat  to  landing  troops  on 
beachheads,  which  can  prevent  the  projection  of  naval  power 
ashore.  To  address  the  buried  mine  threat,  a  new  "seismic 
sonar"  concept,  one  that  employs  guided  seismo-acoustic 
surface  waves,  has  been  the  subject  of  research  and 
development  at  Naval  Postgraduate  School  (NFS)  and 
elsewhere.  Seismo-acoustic  surface  waves  exist  at  the 
boundary  of  an  elastic  half-space  and  a  fluid,  such  as 
occurs  at  the  surf-  and  near  surf-  zone,  penetrating  only 
about  one  propagation  wavelength  into  the  elastic  half¬ 
space  (the  Earth)  .  By  virtue  of  their  localization  to  the 
volume  near  the  boundary,  these  waves  have  two  particular 
advantages  over  body  waves  (elastic  waves  in  an  unbounded 
medium),  for  echolocating  objects  buried  near  the  Earth's 
surface.  Eirst,  by  choice  of  operating  frequency,  the 
volume  of  ensonif ication  below  the  Earth's  surface  can  be 
restricted  to  that  which  is  likely  to  contain  buried  mines, 
and  avoid  ensonifying  deeper,  strongly  reflecting  features, 
such  as  the  sediment-basement  interface,  and  so  reducing 
false  alarms.  Second,  they  suffer  only  cylindrical 
spreading,  versus  the  spherical  spreading  that  would  a  body 
wave,  and  so  the  transmission  loss  of  wave  energy,  both  to 
and  from  the  target,  due  to  geometrical  spreading,  which  is 
the  major  loss  at  the  close  ranges  a  mine  detection  sonar 
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system  would  operate,  would  be  half  that  (in  terms  of  dBs) 
of  a  sonar  employing  body  waves. 


There  are  two  types  of  seismic  sonar,  passive  and 
active.  The  passive  seismic  sonar  came  first.  Some  22 
years  ago  (1980),  Schmalfeld  and  Rauch  [Ref.  3],  at  the 
Laboratory  of  the  Supreme  Allied  Commander,  Atlantic 
(SACLANTCEN)  ,  the  North  Atlantic  Treaty  Organization  (NATO) 
Anti  Submarine  Warfare  (ASW)  Center,  in  La  Spezia  Italy, 
demonstrated,  for  the  first  time,  the  passive  seismic 
sonar.  Working  in  the  shallow  waters  of  the  Ligurian  area 
of  the  Mediterranean  Sea,  off  Viareggio,  with  a  tri-axial, 
ocean  bottom  seismometer,  and  paying  close  attention  to  the 
signal  processing  of  the  horizontal  (x  and  y)  geophones  in 
the  seismometer,  they  were  able  to  track  the  shaft 
rotation,  and  hence  the  propeller  blade  lines,  of  a  passing 
merchant  ship,  with  the  "figure  eight"  beam  pattern  of  a 
single  seismometer. 


The  first  feasible  active  seismic  sonar  came  much 
later,  some  6  years  ago  (1996)  in  response  to  another 
important  naval  problem.  Muir,  Smith,  and  Wilson  [Refs.  7- 
9]  showed  that  an  elliptically  polarized  shear  wave,  known 
as  a  Rayleigh  interface  wave,  with  significant  signal 
processing,  provides  sufficient  backscattered  echoes  to 
locate  objects  buried  under  the  sediment  surface.  Recent 
work  [Refs.  7-18,22]  shows  that  array  configurations  of 
vibratory  seismic  sources  and  3  axis  seismometer  receivers 
produces  narrow  beam  patterns.  Bi-static  configurations 
for  target  detection  have  also  been  demonstrated. 
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Sound  waves  in  water  were  first  used  for  bottom 
sounding  and  echolocation  in  the  early  20^*^  century  by  the 
French  scientist  Paul  Langevin,  a  friend  of  the  famous 
chemist  Madam  Marie  Curie.  Now  acoustic  sonars  are  well 
developed,  and  are  an  integral  part  of  every  warship, 
worldwide . 


Seismic  interface  waves,  such  as  Rayleigh  waves,  are 
considerably  more  complicated.  Theoretically,  they  are  the 
result  of  solutions  of  the  elastic  wave  equations, 
appropriate  for  the  boundary  conditions  at  hand.  The  wave 
velocity  of  an  interface  wave  is  approximately  90%  of  the 
bulk  shear  velocity  in  the  soil  or  sedimentary  medium. 
Rayleigh  waves  have  two  components,  rather  than  just  one 
for  sound  wave.  The  boundary  conditions  appropriate  for 
air  overlying  a  solid  (such  as  soil  or  sediment) ,  cause  a 
Rayleigh  wave  to  propagate  along  the  air-solid  interface, 
decaying  exponentially  in  both  media,  along  with 
cylindrical  (I/Vr)  spreading  with  range  R,  plus  some 
absorption.  Of  the  two  components,  one  is  in  the  vertical 
plane,  the  other  in  the  horizontal  plane,  oriented 
radially,  along  the  direction  of  propagation.  The  two 
components  combine  to  produce  particle  motion  in  the  form 
of  elliptical  orbits  in  a  vertical  plane  oriented  along  the 
path  of  the  actual  wave.  Near  the  surface,  the  Rayleigh 
wave  has  a  retrograde  (counterclockwise)  orbit,  while  at  a 
depth  of,  typically  0.1  to  0.2  wavelengths,  depending  on 
the  Poisson  ratio  of  the  soil  or  sediment,  the  particle 
velocity  becomes  prograde  (clockwise) . 
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There  is  a  90  degree  phase  shift  between  the  vertical 
and  horizontal  components,  which  prompted  Smith  [Ref.  10] 
to  pioneer  a  signal  processing  method  called  "vector 
polarization  filtering,"  that  capitalizes  on  this  phase 
relationship.  Almost  every  subsequent  study  on  this 

subject  has  utilized  this  technique.  It  typically  provides 
some  10  to  15  dB  of  processing  gain  against  acoustic  wave 
noise,  background  seismic  noise  (waves  crashing  on  the 
beach)  and  most  importantly,  seismic  reverberation  in  the 
sonar  beam.  This  is  a  significant  achievement,  since  a  10 
dB  improvement  for  reverberation  limited,  cylindrically 
spreading  sonar  increases  the  range  of  the  sonar  by  a 
factor  of  10.  Since  the  received  signals  are  already 
there,  it  would  be  foolish  to  not  process  them  by  this  or 
some  other  method,  to  gain  the  advantage  of  increased 
detection  range,  which  translates  into  increased  real 
search  rate,  increased  speed  of  sonar  survey,  etc. 


Many  textbook  authors,  who  probably  have  been 
cloistered  in  indoor  offices  doing  theory,  incorrectly 
state  that  the  Rayleigh  wave  is  non  dispersive.  While  this 
might  be  true  for  a  computer  chip  that  is  homogenous  with 
uniform  velocity  in  all  directions,  it  is  not  true  for  the 
earth's  crust,  which  is  not  homogeneous,  and  has  an 
increasing  shear  velocity  with  depth,  due  to  1)  the 
overburden  load  that  compacts  the  soil  or  sediment, 
increasing  its  shear  velocity  with  depth,  2)  the  presence 
of  rock  strata  that  are  also  compressed  and  have 
significantly  increased  shear  velocity.  The  dispersion  is 
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most  pronounced  at  the  frequencies  below  20  Hz,  because  the 
longer  wavelength  seismic  waves  have  deeper  penetration, 
and  so  tend  to  propagate  in  faster  layers  or  strata.  Thus, 
the  low  frequency  components  of  a  Rayleigh  wave  are  first 
to  arrive  at  the  field  point,  where  a  seismometer  might  be 
located . 


Finally,  there  are  two  Rayleigh  waves,  even  at  the 
surface:  one  the  classical  retrograde  Rayleigh  wave  that  we 
have  been  discussing,  the  other,  which  is  prograde  and  goes 
by  the  name  "pseudo  Rayleigh  wave"  or  "leaky"  Rayleigh 
wave."  The  latter  wave  has  been  "dismissed"  by  authors  for 
hundreds  of  years,  because  it  is  fairly  highly  attenuated, 
and  has  been  thought  to  be  unimportant.  This  is  certainly 
the  case  for  an  earthquake,  where  the  Rayleigh  waves  do 
most  of  the  damage,  but  it  may  not  be  true  in  buried  mine 
hunting,  which  is  a  relatively  short-range  operation. 
Scholars,  such  as  the  student's  second  reader  of  this 
thesis,  are  studying  Lord  Rayleigh's  original  paper,  1885 
[Ref.  1],  to  try  to  sort  out  what  subsequent  authors  have 
missed  or  altered. 


Dispersion  can  also  occur  at  higher  frequencies,  due 
to  the  waves  encountering  areas  of  different  geological 
properties,  and  to  interference  between  the  Rayleigh  wave 
and  the  pseudo  Rayleigh  wave. 
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Figure  1.  Illustration  of  Rayleigh  wave  Echo-Location 

A.  SEISMIC  SONAR  CONCEPT 

The  concept  illustrated  in  Figure  1,  seismic  sonar  for 
mine  detection,  began  in  1996  at  the  Applied  Research 
Laboratories  of  the  University  of  Texas  at  Austin.  Since 
its  inception,  research  has  focused  on  exploiting  the 
guided  surface  wave  to  detect  buried  mines.  Three  major 
areas  of  research  cover  1)  the  source,  2)  the  receiver,  and 
3)  signal  processing.  Previous  thesis  students  at  the 
Naval  Postgraduate  School  have  focused  on  source 
development,  target  strength,  and  signal  processing  [Refs. 
14-18].  Another  prominent  research  project,  under 

development,  by  Professor  James  Sabatier  [Refs. 19,  20]  of 

the  University  of  Mississippi  uses  a  loudspeaker  in  air  as 
a  source  and  a  scanning  laser  as  a  receiver.  A  brief 
description  of  this  method  is  given  in  Appendix  D. 
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Source  development  has  gone  through  many  variations. 
The  first  NFS  device  [Gaghan]  consisted  of  a  pair  of 
orthogonally-mounted  inertial  shakers  attached  to  a  base 
plate  with  screws  extending  into  the  sediment,  so  the  flat 
base  plate  and  screws  would  exert  forces  against  the  earth 
to  create  the  surface  wave.  Another  style  [Fitzpatrick] 
took  advantage  of  a  linear  actuator  with  a  flat  plate 
mounted  to  the  shaft  end  that  was  buried  in  the  sediment. 
Typically,  the  shaft  was  oriented  vertically,  so  as  to 
couple  to  the  vertical  component  of  the  Rayleigh  wave.  The 
next  source  [Sheetz]  was  a  buried  shaker,  which  was 
designed  to  couple  better  to  the  Earth,  and  so  to  better 
excite  the  Rayleigh  wave.  It  was  also  used  to  excite 
horizontally-polarized  guided  waves,  termed  Love  waves. 


Signal  processing  development  showed  that  two 
procedures  applied  to  the  receiver  signals  could  enhance 
echolocation .  The  first  technique  applied  coherent 
subtraction.  Coherent  subtraction  involves  taking  the 
receiver  signal  with  a  target  and  then  subtracting  from  it 
the  received  signal  without  the  target.  This  leaves  mostly 
the  target  return  signal,  and  usually  provides  about  13  dB 
of  processing  gain.  The  second  technique  took  advantage  of 
the  characteristic  of  the  surface  Rayleigh  wave  that  the 
vertical  and  radial  components  are  90  degrees  out  of  phase. 
This  phase  relationship  allows  for  filtering  of  the 
signals.  This  method,  known  as  vector  polarization 
filtering,  (already  mentioned)  allows  for  the  removal  of 
other  unwanted  waveforms  and  enhances  even  more  of  the 
surface  Rayleigh  wave  signal.  The  combination  of  these  two 
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techniques  provided  excellent  results  in  previous  work 


[Refs.  9,10,14-18] .  It  should  be  mentioned  that  for  a 
sonar  operating  under  conditions  of  cylindrical  spreading, 
a  mere  12.5  dB  enhancement  wrought  by  signal  processing, 
increases  the  sonar  range  by  a  factor  of  nine! 

B.  ROLLING  LINE  SEISMIC  SOURCE 


This  thesis  documents  the  development  and  testing  of  a 
crude  rolling  line  seismic  source.  To  obtain  some 
directionality  for  echolocation,  source  and/or  receiver  are 
spatially  distributed  over  an  aperture  comparable  to  or 
greater  than  a  wavelength,  approximately  one  meter  in  the 
intended  application.  This  consideration,  and  the  need  for 
a  system  which  can  be  deployed  while  moving,  has  led  to  the 
concept  of  a  rolling  line  source.  The  tube  design  allows 
for  mobile,  rolling  deployment  of  a  source  and  when  coupled 
with  a  simplified  driver  and  receiver  array  its  use  as  a 
military  asset  is  greatly  enhanced,  over  fixed  sources. 
The  following  chapters  will  discuss:  the  shaker  assembly, 
mounting  location  of  shaker  assembly,  force  sensor  testing, 
geophone  and  seismometer  instrument,  field  testing  of  five 
seismic  sources  and  wave  speed  measurements,  and  target 
echolocation  experiment.  Figure  2  is  a  photograph  of  a 
single  rolling  source  element. 
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Figure  2 . 


Rolling  Line  Source  Element 
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II.  ROLLING  LINE  SEISMIC  SOURCE 


The  development  of  a  mobile  seismic  source  is  part  of 
an  on  going  effort  at  the  Naval  Post  Graduate  School  to 
develop  a  mobile  seismic  sonar  for  buried  mine  detection. 
Previous  research  has  shown  that  a  Rayleigh  wave  could  be 
generated  using  several  impulse  methods.  One  method  used 
was  to  place  electrically  driven  mass  slugs,  which  could  be 
accelerated,  to  create  an  impulse.  This  method  utilized  a 
car  audio  shaker  designed  to  vibrate  a  seat.  This 
technology  is  similar  to  virtual  reality  games,  where  the 
steering  wheel  shakes  when  driving  off  the  track.  For  the 
intended  application,  the  source  must  be  portable  enough, 
for  example,  to  move  along  with  a  small  robotic  vehicle. 

A.  SHAKER  ASSEMBLY 


Previous  seismic  source  development  work  at  NPS  proved 
that  two  car  audio  shakers,  arranged  in  a  push-pull 
configuration,  so  that  the  moving  magnets  oscillate  in  the 
same  direction,  could  provide  sufficient  force  for  the 
intended  application.  Figure  3  below  depicts  a  general 
setup . 


Figure  3.  Magnetic  Slug  mounted  together  on  a  plywood 


board 
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This  particular  device  was  buried  in  the  medium 
(sand) .  A  100  Hz  single-cycle  sine  waveform  was  applied 
via  an  amplifier  to  induce  the  magnetic  slug  movement. 
Shaker  specifications  are  given  in  Appendix  B. 


The  rolling  seismic  source  device  being  explored  in 
the  present  investigation  uses  a  similar  setup  for  the  car 
audio  shakers,  but  the  housing  is  much  different,  in  order 
to  take  advantage  of  other  attributes.  Figure  4  is  a 
photograph  of  the  "last  iteration"  mounting  configuration. 


First,  a  desirable  attribute  of  a  seismic  source  is 
directivity.  Using  Huygen' s  principle  of  sources,  a  line 
source  comparable  to  or  greater  in  extent  than  a  wavelength 
would  produce  radiational  directivity.  This  was  the  basis 
of  previous  thesis  work  conducted  by  Kraig  Sheetz  (Ref. 
17)  .  From  this  principle,  a  line  source  was  chosen  as  a 
good  candidate  for  experimentation. 


A  second  desirable  feature  is  that  the  source  should 
be  mobile.  It  must  be  able  to  maneuver  around  barriers  and 
obstacles  or  even  roll  over  a  small  object.  This  led  to 
the  concept  of  a  tube-shaped  source  similar  to  a  rolling 
pin.  If  the  radius  of  curvature  was  large  enough  to  allow 
sufficient  surface  area  in  which  a  sufficient  force  could 
be  applied,  then,  from  elastic  theory,  waves  could  be 
generated  in  the  soil  or  sediment. 


The  availability  of  material  enabled  the  tube  to  be 
manufactured  from  twenty  centimeter  (8-inch)  diameter 
aluminum  pipe  with  a  thin  wall  thickness  (3  mm) .  The  first 
shaker  assembly,  as  described  previously  was  mounted  on  a 
2.5  centimeter  (1-inch)  square  channel  of  aluminum,  as  an 
axis,  with  the  same  push-pull  orientation  described  by 
Sheetz  (17)  .  The  push-pull  arrangement  refers  to  how  the 
magnetic  slugs  move  in  relation  to  one  another.  The  slugs 
must  move  the  same  direction  when  a  signal  was  applied. 
End  caps  were  manufactured  from  acrylic,  with  a  bushing 
assembly,  to  allow  the  tube  to  rotate  and  roll.  The  Aura 
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shakers  used  were  a  new  version,  capable  of  75  watts 
continuous  power,  because  they  had  the  addition  of  heat 
sink  fins  (Fig.  4) . 


The  shaker  assemblies  were  mounted  on  the  square  axle 
using  light  screws  and  nuts.  The  tube  axle  arrangement  was 
cut  large  enough  to  accommodate  two  sets  of  shaker  pairs. 
The  tube  length  was  48.3  centimeters  (19  inches)  with  a 
small  protrusion  of  the  axle  and  wiring  on  each  side.  This 
initial  design  did  not  survive  the  testing  with  the  force 
sensor,  due  to  axle  problems.  The  final  configuration  does 
not  have  an  axle  and  the  two  shaker  assemblies  were 
separated.  The  separated  shakers  required  the  tube  to  be 
cut  in  half.  The  cylinder  measures  twenty-four  centimeters 
(9.5  inches)  in  length,  which  is  a  quarter  wavelength  of 
the  intended  operating  frequency.  Figure  5  shows  the 
deployment  setup  for  this  thesis. 


Figure  5.  Two  element  rolling  line  source 

B .  FORCE 


The  amount  of  force  produced  from  the  shaker  push-pull 
arrangement  is  of  significant  interest.  The 
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instrumentation  available  to  explore  the  amount  of  force 
the  shakers  could  produce  was  a  Piezotronics  3-axis  force 
sensor.  This  force  sensor  was  used  to  measure  the  blocked 
force  produced  (a)  by  a  bare  shaker  and  (b)  the  tube 
assembly.  The  term  "blocked  force"  means  the  force  is 
measured  under  the  condition  of  zero  motion  of  the  driving 
point.  The  sensor  was  approximately  blocked  by  mounting  it 
directly  between  the  device  being  tested  and  a  large  steel 
plate  lying  on  a  concrete  floor  and  held  down  with  many 
lead  bricks. 

a)  The  sensor  was  mounted  directly  between  the 

shaker  assembly  and  the  steel  plate,  which  was 
resting  on  a  concrete  floor,  with  small 
diameter  bolts.  This  configuration  allowed 
for  measurement  of  the  blocked  force  versus 
time.  Figure  6  displays  the  orientation  of 
the  shakers,  plate  steel  and  force  sensor. 
Calibration  data  and  information  for  the  force 
sensor  are  presented  in  Appendix  C.  Figure  7 
is  a  block  diagram  of  the  equipment  setup. 
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Figure  6.  Force  gauge  measurement  setup 

The  force  gauge  is  manufactured  to 
support  Integrated  Circuit  Piezoelectric 
(ICP)  output  signals.  The  output  from  the 
z-axis  was  routed  through  the  ICP  power 
supply/amplif ier  to  an  oscilloscope.  On  the 
oscilloscope  the  input  signal  and  the  output 
force  gauge  signal  could  be  monitored. 
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Figure  7  . 


Signal  generator 

\/ 

7 

Narrow  band  electronic  filters 

\/ 

7 

Amp 1 i f i e  r 

\/ 

7 

Shaker 

Force  Sensor 

7 

Oscilloscope 

1.44MB  Floppy  Drive 

Block  diagram  of  force  sensor  electronics 

The  main  objective  for  this  experiment 
was  to  find  the  limitations  of  the  shaker, 
amplifier  and  the  signal  difference  between 
input  and  output.  Using  the  oscilloscope  as 
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Output  Voltage  (V) 


a  data  acquisition  tool,  the  displayed 
signals  were  saved  to  a  floppy  disk  in  (x, 
y)  format  and  merged  into  MATLAB  for 
processing.  Figure  9  shows  the  force  sensor 
output  for  the  bare  shaker  assembly. 


Figure  8.  Force  sensor  reading  for  first  positive  peak 

(lOOhz  single  cycle  signal  at  0.28  Vpp) 

Using  the  force  sensor  and  input  signal 
to  the  shaker  assembly,  it  was  possible  to 
find  the  proper  signal  generator  output 
voltage.  The  most  limiting  equipment 

component  was  the  power  amplifier.  When  the 

input  signal  was  increased  past  0.4  volts  the 
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amplifier  components  would  clip  the  signal  to 


b) 


the  shakers.  Although  the  amplifier  could 
still  remain  below  an  overload  condition  with 
clipping,  the  objective  was  to  find  a  suitable 
signal  generating  voltage,  to  ensure 
measurement  accuracy.  It  was  found  that  0.28 
volts  became  a  good  standard  for  this  testing. 
Using  a  0.28  volt  100  Hz  single  cycle  sine 
wave  to  drive  the  "bare"  shaker  assembly,  the 
force  sensor  output  was  measured  to  be  a 
maximum  at  1.5  millivolts.  This  force  sensor 
reading  equates  to  27.7  Newton.  Initially, 
the  input  filter  settings  were  set  at  100  Hz 
(low  pass)  and  50  Hz  (high  pass)  to  ensure  the 
wave  would  be  smooth,  such  that  the  power 
amplifier  input  signal  would  not  have  any 
sharp  transitions.  The  power  amplifier  also 
was  equipped  with  filters.  These  filters  were 
adjusted  to  allow  for  a  single  cycle  sine 
waveform  to  be  smoothed  for  fieldwork.  Once 
the  amplifier  was  setup  there  was  no  longer  a 
need  to  filter  the  input  signal.  With  the 
power  amplifier  setup  correctly  the  output 
force  per  volt  of  drive  was  98.9  Newton/volt. 


The  next  step  was  to  reassemble  the  tube  with 
a  single  shaker  set  and  perform  the 
measurement  again.  Figure  9  shows  a  sketch  of 
the  tube  and  force  gauge  arrangement. 
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Figure  9.  Tube  Assembly  and  Force  gauge 

The  same  setup  as  figure  8  was  used  to 
test  the  force  response  of  the  shaker 
assembly  mounted  on  an  axle  and  placed  in 
the  tube.  Figure  10  shows  the  force  sensor 
response  with  the  tube  fully  assembled  and 
with  only  the  bare  shakers. 
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Upper  graph  is  tube  assembly 
Lower  graph  is  bare  shaker 


Figure  10.  Force  measurements  with  tube  and  bare  shaker 

assembly 


The  two  graphs  in  Figure  10  are  very  similar.  The 
"bare"  shaker  and  shaker  tube  were  each  driven  with  the 
same  100  Hz  single  cycle  sine  wave.  When  the  bare  shaker 
and  tube  shaker  plots  are  superimposed  the  two  are  nearly 
indistinguishable  from  one  another. 


measurement  for  the  tube  shaker  is 


The  force  sensor 
25.8  Newton  (1.4 


millivolts)  and  an  output  sensitivity  of  92.3  Newton/Volt 
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C.  GEOPHONE  AND  SEISMOMETER  INSTRUMENT 

A  geophone  consists  of  a  metal  case  with  two  coils, 
one  wound  clockwise  and  the  other  wound  counterclockwise, 

and  a  suspended  magnet  attached  by  a  spring  on  both  ends 
(Figure  11)  .  In  general,  when  the  geophone  is  placed  on  a 
surface  and  the  surface  moves,  the  case  (coil  windings) 
moves  as  well.  Since  the  permanent  magnet  is  suspended  by 
springs,  the  magnet  remains  stationary  as  the  case  moves. 
The  magnetic  field  lines  are  cut  by  the  coils  and  an 
electromotive  force  (emf)  is  produced.  The  emf  output  is 
proportional  to  the  coil's  movement  and  can  be  read  off  of 
the  terminals  as  a  voltage.  The  geophones  used  during  this 
experiment  are  Model  SM-11  made  in  the  Netherlands  and  sold 
by  Input  Output  Inc.  of  Houston  Texas.  A  picture  of  the 

SM-11  geophones  mounted  on  three  axes,  assembled  by  Jay 

Adeff  (NFS),  is  shown  in  Figure  12.  When  the  geophones  are 

mounted  in  a  3  axis  configuration,  the  assembly  is  a 
seismometer . 


Figure  11.  Basic  Geophone  construction 
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Figure  12  . 


SM-11  geophones  mounted  on  three  axes 


The  particulars  of  the  geophone  itself  are  very 
interesting  and  will  only  be  briefly  discussed.  As  with 
any  electromechanical  device,  there  are  limitations  to  its 
response.  There  are  two  things  to  consider  with  respect  to 
the  geophone.  First  is  its  sensitivity.  The  instrument 
can  be  too  sensitive  and  cause  large  readings  from  a  small 
noise  source,  which  could  mask  the  signal  of  interest  (too 
much  noise)  .  The  second  item  of  concern  is  damping.  Once 
the  coil  is  placed  in  motion,  there  is  a  restoring  force 
from  internal  balance  springs  and  from  emf  in  the  coil 
assembly.  These  work  together  to  dampen  the  output  signal. 
The  amount  damping  depends  mostly  on  the  springs. 


For  use  in  this  device  the  geophone  needs  a  correctly 
damped  linear  response.  The  Input-Output  SM-11  geophone 
was  utilized  for  this  purpose.  The  SM-11  has  very  good 
linear  response  to  small-scale  movements.  It  also  has  a 
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"built  in"  high  pass  filter  which  reduces  noise  from  waves 
crashing  on  the  beach,  making  noise  below  30  Hz. 
Specifications  for  the  SM-11  geophone  are  found  in  Appendix 

A. 

D.  LABORATORY  TANK  TEST 

At  NFS  there  is  a  small  circular  tank  with  an 
approximate  diameter  of  4  meters  and  is  about  1  meter  deep. 
The  tank  is  filled  with  medium  grade  sand,  which  is 
representative  of  a  beach.  In  general,  the  tank  is  not 
large  enough  to  perform  actual  experiments.  It  is  mainly 
used  for  equipment  checkout  prior  to  field-testing.  The 
main  check  out  experiment  performed  was  with  the  tube 
reassembled  with  one  shaker  set.  The  tube  was  placed  off 
the  axis  of  the  circular  tank  and  three  signals  were 
recorded.  The  recording  device  was  a  3-axis  seismometer 
directly  connected  to  an  oscilloscope.  The  seismometer  was 
placed  about  one  meter  from  the  perpendicular  axis  of  the 
tube.  This  is  shown  in  Figure  13  below.  This  orientation 
was  to  minimize  reflection  of  the  waves.  The  electronic 
equipment  setup  is  shown  in  Figure  14. 


Figure  13. 


Tube  and  Seismometer 
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Figure  14.  Electronic  setup  for  tank  test  of  rolling 

line  source 

As  for  previous  tests,  a  100  Hz  single  sine  wave  was 
applied  as  an  input  to  the  rolling  line  source.  The 
filtered  signal  was  sent  to  the  tube  through  an  800  watt 
amplifier.  The  amplified  signal  caused  the  shakers  to  move 
and  this  movement  provided  the  seismic  impulse  into  the 
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medium.  The  impulse  traveled  through  the  sand.  The 
seismometer  measured  the  movement  of  the  sand  caused  by 
this  wave,  including  reflections  off  the  tank's  floor,  and 
its  walls.  For  this  test  the  vertical  movement  is  of  most 
importance.  The  vertical  movement,  as  the  wave  passes, 
should  ideally  mimic  the  output  of  force  sensor  in  its 
shape . 


100  hz  vertical  component  in  the  test  tank 


Figure  15.  Seismometer  vertical  response  in  tank  1 

meter  from  source  with  an  input  signal  of  a 
single  sine  wave  at  100  Hz 


Even  though  the  signal  shape  in  Figure  15  did  not 
match  the  force  sensor,  the  features  of  the  received  signal 
seemed  to  be  acceptable.  The  time  record  showed  some 
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promise,  so  this  assembly  was  considered  ready  for  field- 
testing.  During  the  initial  field  test  the  seismometer 
output  signal  proved  unreadable.  The  root  cause  stemmed 
from  mounting  the  bare  shaker  assembly  to  an  axle,  which 
vibrated.  The  axle  was  removed  and  the  bare  shakers  were 
mounted  directly  to  the  tube  inner  wall  using  thin  bolts. 
The  previous  force  sensor  measurement  was  then  performed 
with  good  results.  Figure  16  shows  the  smooth  wave 
generated  from  the  force  sensor  experiment  for  a  one  cycle 
sine  wave  input  at  100  Hz. 


Figure  16.  Force  sensor  with  Shaker  mounted  to  the  tube 

for  a  single  cycle  100  Hz  sine  wave 
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III. FIELD  TESTING 


Field  testing  of  the  rolling  seismic  source  was 
conducted  on  a  stretch  of  the  Navy  beach  on  Monterey  Bay, 
across  from  NFS.  An  instrument  trailer  had  been  previously 
configured  to  house  research  equipment,  and  placed  directly 
on  the  beach,  by  means  of  a  small  four  wheel  drive  vehicle. 
Various  electrical  cables  were  run  to  signal  receiving 
units,  and  were  routed  to  a  single  four-channel 
oscilloscope.  Using  a  function  generator,  a  single  sine 
wave  was  fed  to  several  sources  via  an  amplifier.  The  100 
Hz  sine  wave  was  a  single  cycle  at  0.28  Vpp  with  a 
repetition  period  of  approximately  one  second.  The 
amplifier  was  a  two-channel  800-Watt  car  audio  amplifier. 
Only  one  channel  was  utilized.  The  amplifier  output  was 
48.8  Vpp  and  the  measured  current  was  22  amps.  This 
equates  to  approximately  380  Watts  RMS,  assuming  a 
resistive  load.  The  amplifier  has  a  rating  of  400  Watts 
per  channel.  The  shakers  could  be  driven  with  more  power 
but  signal  clipping  within  the  amplifier  would  have  created 
an  unwanted  waveform.  The  electronic  equipment 
configuration  (Figure  17)  allowed  for  the  testing  of  five 
sources  by  only  changing  the  sources. 
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Figure  17.  Field  testing  electronics  setup 
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A. 


FIVE  SOURCES  USED  IN  COMPARATIVE  TESTING 


Five  separate  seismic  sources  were  tested  (Figure  19)  . 
Each  source  was  driven  with  the  same  input  signal.  Source 
one  was  a  paddle  type  described  in  section  II  Figure  3, 
from  Sheetz's  thesis  [Ref.  17]  .  This  paddle  type  source 
was  buried  in  the  sand  in  a  horizontal  position.  Source 
two  was  the  same  paddle  source  but  laying  horizontally  on 
the  surface.  Source  three  was  a  single  shaker,  removed 
from  its  casing,  and  heat  sink,  and  buried.  Source  four 
was  the  rolling  line  source  shaker.  And  source  five  was 
the  paddle  shaker  assembly  buried  vertically.  The  receiver 
used  for  this  experiment  was  a  highly  sensitive  three-axis, 
rocket  shaped,  seismometer  with  a  40  dB  internal 
preamplifier,  buried  just  beneath  the  surface,  12.2  meters 
(40  feet)  away  (Figure  20)  .  The  general  arrangement  of  the 
experiment  is  shown  is  Figure  18. 


Single  O 

shaker 


Figure  18.  Five  source  beach  deployment 
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Figure  19. 


Photo  of  the  Five  Sources 
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Figure  20.  Photo  of  buried  seismometer  at  12.2  m  (40ft) 

B.  SIGNAL  COMPONENTS  MEASURED  AT  12.2  M  (40  FT)  RANGE 

Using  the  described  configuration,  both  the  vertical 
(z  component)  and  radial  (x  component)  were  recorded. 
These  signals  show  very  similar  characteristics  in  each 
time  record.  The  two  sources  of  greatest  interest  are  the 
buried  paddle  source  and  the  rolling  line  source.  These 
two  sources  show  received  signals,  which  are  similar  both 
in  amplitude  and  shape.  Figure  21  displays  both  radial  and 
vertical  time  series  data,  for  all  five  sources. 
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Figure  21.  Radial  and  vertical  time  series  data  for  all 

five  sources 
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From  Figure  21,  it  can  be  seen  that  the  rolling  line 
source  and  the  buried  paddle  source  produce  very  similar 
signals  at  the  field  point.  All  the  signals  can  easily  be 
picked  out  of  the  noise.  The  rolling  line  source  seems  to 
contain  higher  frequency  components.  Figure  22  shows  the 
vertical  component  signals  received  from  the  rolling  line 
and  buried  paddle  source,  plotted  together  against  time. 
Figure  23  shows  the  radial  component  signals  received  from 
the  rolling  line  and  buried  paddle  source,  plotted  together 
against  time. 


Figure  22.  Vertical  component  received  signal  from  the 

rolling  line  and  buried  paddle  source  at  a  range 
of  12.2  m  (40ft) 
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Figure  23.  Radial  component  received  signals  from  the 

rolling  line  and  buried  paddle  source  at  a  range 
of  12.2  m  (40ft) 


These  plots  show  that  the  output  of  the  tube  and  the 
buried  source  are  very  similar  and  the  waves  generated  are 
similar  to  each  other.  Again,  the  rolling  line  source 
seems  to  contain  higher  frequency  components.  In  addition, 
the  tube  signal  shows  that  it  can  be  extracted  from 
background  noise. 
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c. 


SIGNAL  CORRELATION  DOWN  RANGE 


A  signal  correlation  analysis  was  performed  to 
determine  at  what  range  the  signal  can  still  be  extracted. 
For  this  experiment,  one  of  two  identical  surface 
seismometers  were  placed  at  1  m  (3ft)  from  the  tube  sources 
and  the  second  was  placed  down  range  at  43.6  m  (143ft) 
(Figure  24)  .  Two  tube  sources  were  placed  end  to  end  with 
a  separation  of  a  few  centimeters.  Each  tube  was  driven 
with  the  same  signal,  as  described  previously,  via  a  T- 
connection.  Using  a  Dynamic  Signal  Analyzer  in  cross 
correlation  mode,  the  vertical  signal  down  range  was 
successfully  correlated  (Figure  25)  .  For  this  experiment, 
the  down  range  seismometer  required  a  preamplifier  set  at  a 
gain  of  lOX.  The  signal  analyzer,  when  placed  in  cross 
correlation  mode,  shows  a  peak  at  the  correct  time 
difference  between  channel  1  and  channel  2.  The 
seismometers  were  placed  at  different  distances,  and  the 
time  shift  was  used  for  wave  speed  calculations. 
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Beach  setup  for  cross  correlation 
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Figure  24  . 


Time,  sec 


Figure  25.  Correlation  measurement  of  vertical  down 

range  signal  at  43.6  m  (143ft) 


D .  WAVE  SPEED 


To  determine  wave  speed,  the  time  delay  from  cross 
correlation  was  used,  along  with  a  physical,  "on  the 
ground"  measurement  of  distance.  To  verify  that  this 
method  was  satisfactory,  time  trace  signals  were  also  used 
to  find  an  initial  time  delay  and  then  were  compared  to 
correlation  data.  To  calculate  wave  speed,  the  measurement 
of  distance  between  seismometers  and  signal  arrival  time 
difference  was  used.  Figure  26  shows  time  traces  43.6 
meters  (143ft) .  The  matching  peaks  from  each  seismometer 
had  a  time  delay  of  0.52148  seconds.  Table  1  shows  all 
time  delays  and  wave  speeds. 
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Figure  26. 


Time  record  of  two  seismometers  separated  by 
43.6  m  (143ft) 
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Method 

Distance 

Correlation  Time 

Speed 

Cross  Cor 

44.21  m 

0.52148  s 

84.8  m/s 

Cross  Cor 

44.21  m 

0.52148  s 

84.8  m/s 

Cross  Cor 

44.21  m 

0.52148  s 

84.8  m/s 

Cross  Cor 

44.21  m 

0.52148  s 

84.8  m/s 

Cross  Cor 

28.42  m 

0.34375  s 

82.7  m/ s 

Cross  Cor 

23.68  m 

0.28125  s 

84.2  m/ s 

Cross  Cor 

15.79  m 

0.19531  s 

80.8  m/s 

Cross  Cor 

15.79  m 

0.19141  s 

82.5  m/s 

Cross  Cor 

15.79  m 

0.19531  s 

80.8  m/s 

Table  1.  Seismic  Interface  wave  speed  on  Monterey 

Beach 

From  Table  1  the  mean  (group  velocity)  wave  speed  is 
83.2  m/ s  with  a  standard  deviation  of  1.9  m/ s .  This  value 
matches  previous  thesis  work  of  80  m/ s  ±  10  m/ s  [Refs. 

14,17]  . 


IV.  TARGET  ECHO-LOCATION  EXPERIMENT 


In  order  for  the  rolling  line  source  to  be  useful  in 
an  application  it  must  be  able  to  receive  backscatter  from 
a  target.  Previous  thesis  work  by  Sheetz  [Ref.  17]  and  by 
Fitzpatrick  [Ref.  15],  and  by  Hall  [Ref.  16],  showed  that  a 
Rayleigh  wave  could  be  used  to  find  buried  objects.  To 
keep  the  experiment  simple,  a  target  was  placed 
perpendicular  to  a  pair  of  tube  sources.  The  sources  were 
pulsed  with  a  single  wave  generator  to  ensure  that  they 
were  driven  identically.  The  surface  sources  and  receiving 
array  were  arranged  such  that  six  seismometers  of  the 
receiving  array  were  40  cm  (0.48  X)  apart  on  a  perpendicular 
line  from  the  radial,  and  the  source  was  place  directly 
behind  the  array  (Figure  27)  .  The  receiving  array  sensor 
outputs  were  wired  in  series  to  ensure  the  voltage 
potential  would  be  summed.  The  array  output  was  routed  to 
a  dual  channel  Digital  Signal  Analyzer.  The  analyzer  was 
selected  to  correlation  mode  and  placed  in  dual  channel 
configuration.  An  external  trigger  was  run  from  the  signal 
generator.  The  array's  radial  and  vertical  seismometer 
components  were  placed  on  separate  channels.  Figure  28  is 
a  block  diagram  of  the  electronic  equipment  setup. 


Figure  27.  Seismometer  array  and  tube  surface  sources 
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A. 


1000  LB.  BOMB  TARGET 


A  general-purpose,  1000-lb  bomb,  used  in  many 
countries  all  over  the  world  was  used  as  a  test  target. 
The  bomb  measures  two  meters  in  length  and  has  a  radius  of 
seventeen  centimeters  at  its  largest  point.  This  air 
dropped  bomb  has  a  traditional  streamline  shape  and  is  made 
of  steel.  An  inert  version  of  this  bomb  was  buried  just 
below  the  surface  as  depicted  in  Figure  29. 


Figure  29.  Inert  1000  lb.  bomb  being  buried  in  the  sand 

of  the  Navy  beach  on  Monterey  Bay 
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The  bomb  was  placed  5.79  meters  (19ft)  from  the  array. 


as  depicted  in  Figure  30. 
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1,000  bomb  at  a 
range  of  5.8 
m  ( 19ft) 


Figure  30.  1,000  lb.  bomb  experiment  with  rolling  line 
sources 

The  dynamic  signal  analyzer  auto-correlated  the  radial 
and  vertical  signals.  The  return  is  observed  as  a 
secondary  wave  packet.  The  wave  packet  should  be  time 
displaced  by  150  milliseconds.  Figure  31  is  the  analyzer 


44 


data  screen  for  auto  correlation  with  bomb  present.  The 
strongest  correlation  of  the  echo-return  from  the  target 
was  found  at  approximately  150  ms,  corresponding  to  a  wave 
speed  of  83  m/ s .  Figure  32  is  a  graph  of  auto  correlation 
without  target  bomb  present.  The  lack  of  a  response  at 
about  150  ms  in  the  trace  with  no  bomb  present  confirms  the 
return  is  from  the  target. 
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Figure  31.  Radial  Auto-Correlation  for  bomb 
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Figure  32 .  Radial  Auto  Correlation  record  without  bomb 

The  above  results  were  obtained  without  any  external 
(laboratory)  program  or  receiver  amplifiers.  The  time 

signal  shows  this  same  result  (Figure  33) .  Had  time 

permitted  and  had  we  utilized  vector  polarization 
filtering,  as  did  Smith,  et.al.  [Ref.  10],  Fitzpatrick 
[Ref.  15],  Hall  [Ref.  16],  Sheetz  [Ref.  17],  Guy  [Ref.  18], 
the  target  return  depicted  in  Figure  31  would  have  been 
some  20  dB  (factor  of  10)  higher.  Had  time  permitted  and 
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had  we  combined  vector  polarization  with  the  type  of 
correlation  processing  used  here,  the  echo  to  reverberation 
ratio  would  have  been  even  higher. 


Received 

signal 

voltage 


0.0499512  0,0999023  0,1498535  0.1998047  0.2497559  0,2997070  0.3496582 
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Figure  33. 


Radial  time  signal  for  1,000  lb.  bomb, 
together  with  a  time  trace  with  no  target 


These  time  and  auto  correlation  traces  prove  that  the 
rolling  line  source  is  a  viable  military  option  for  seismic 
mine  hunting  sonar.  For  smaller  targets,  the  techniques  of 
additional  amplification,  averaging,  coherent  subtraction. 
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vector  polarization  filtering  and  perhaps  other 
processing  techniques,  as  well  as  more  powerful 
would  all  be  useful. 


signal 
sources , 
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V.  CONCLUSION  AND  RECOMMENDATIONS 


The  purpose  of  this  thesis  was  to  develop  a  surface 
source  for  a  seismic  sonar.  A  very  crude  rolling  line 
source  was  successfully  designed  and  tested.  A  rolling 
source,  which  can  be  attached  to  a  robotic  vehicle  or 

"pushed"  by  a  soldier,  sailor  or  Marine  or  even  attached  to 

a  Humvee,  is  the  next  step  in  the  development  of  a  mobile 
seismic  sonar  system.  Previous  work  on  the  buried  mine 

problem  has  developed  signal  processing  programs  and  other 

sources.  This  thesis  focused  only  on  the  source  itself, 
although  the  correlation  processing  used  shows  promise. 


The  surface  rolling  source  and  seismometer  array 
configuration  are  likely  to  be  quite  useful  for  future 
developments.  A  surface  rolling  source  showed  signal 
strengths  comparable  to  previous  work  with  buried  sources. 
The  mobility  aspect  of  the  work  presented  in  this  thesis  is 
significant  for  future  research  and  development.  The 
series  configuration  for  the  seismometers,  adding  voltages, 
was  suitable  for  exploration  experiments,  but  current, 
rather  than  voltage,  amplifiers  would  be  advantageous,  so 
parallel  seismometer  configurations  can  be  used.  Two  such 
units  have  been  procured  for  use  on  this  research  project 
at  NFS. 


The  last  iteration  of  the  rolling  line  source  in  this 
thesis,  the  shakers  that  were  mounted  directly  to  the 
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interior  of  the  tube  wall,  is  ideal.  The  sources  mounted 
inside  the  rim  of  the  rolling  stock  are  perfectly  situated 
for  maximum  coupling  of  vibratory  energy  to  the  sediment  or 
soil,  as  this  energy  does  not  have  to  pass  through  a  lossy 
contraption  such  as  an  axle,  that  will  have  its  own 
resonant  frequencies,  different  from  the  ones  desired  for 
the  job  at  hand! 


Further  work  on  the  mechanics  of  the  rolling  tube, 
seismic  source  could  take  advantage  of  1)  new,  well 
engineered,  vibratory  sources  that  have  recently  appeared 
on  the  market,  that  are  ten  times  more  powerful  than  those 
used  in  this  thesis.  Ten  of  these  units  have  been  ordered 
and  delivered  to  NFS  for  use  on  this  project,  2)  re¬ 
designing  the  vibratory  source  layout  within  the  tube(s) 
for  "balanced"  rotary  motion,  making  them  "pushable"  or 
"towable"  at  high  speeds  of  advance,  3)  incorporating  the 
multiple  sources  within  the  "balanced"  tube  design  so  that 
seismic  sonar  "pinging"  can  be  done  more  frequently  than 
once  every  complete  circumferential  rotation,  thereby 
increasing  the  rate  of  interrogation  of  the  sediment  or 
soil,  for  the  presence  of  buried  ordnance,  and  finally  4) 
the  incorporation  of  a  "handing  yoke"  with  ball  bearings  to 
easily  enable  the  operators  to  move  this  device,  wherever 
it  needs  to  go. 


The  next  steps  in  this  evolutionary  chain  are 
improvements  in  the  following  areas:  1)  a  deployable, 
rolling,  seismometer  array  needs  to  be  developed.  Some 
work  was  started  on  this  subject,  to  the  degree  of  making 
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small  sleds  and  separators,  but  it  was  not  fully  realized. 
Finally,  2)  miniaturize  the  electronic  components  to  either 
put  the  system  on  a  robot,  or  make  it  easier  to  "man 
handle"  by  sailors.  Marines,  and  soldiers. 


It  should  be  mentioned  that,  some  preliminary  testing 
was  performed  in  conjunction  with  a  robotic  course  taught 
at  the  Naval  Postgraduate  School,  which  illustrated  the 
ability  for  a  small  Lemmings  robot  to  tow  the  tube  over  the 
terrain  of  the  NFS  quadrangle. 


This  rolling  tube  seismic  sonar  for  buried  mine 
ordinance  detection,  has  a  great  future  for  military  and 
naval  systems.  It  can  detect  subsurface  objects,  on  the 
go,  at  ranges  measured  in  tens  of  meters,  thus  rendering 
systems  such  as  ground  penetrating  radar  completely 
obsolete.  It  can  also  be  designed  to  work  underwater, 
thereby  covering  the  very  shallow  water  encountered  on  the 
"wet  end"  of  amphibious  assault  operations. 
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APPENDIX  A.  SM-11  GEOPHONE 


•  30-Hz  geophone  with  high  spurious,  over  500  Hz, 
providing  wide  bandwidth  data  suitable  for  up  to 
1-ms  data  sampling 

•  Can  be  operated  in  any  orientation 

•  High  output  through  the  use  of  a  special  magnet 
and  case  design 

•  Rugged  mechanical  construction  can  withstand 
severe  shocks 

•  2-year  limited  warranty 


The  SM-11  geophone  is  suitable  for  use  in  extended  frequency,  high-resolution  surveys.  It  has  a 
natural  frequency  of  30  Hz  and  a  spurious  frequency  of  over  500  Hz,  providing  a  sensor  suitable  for 
use  with  1-ms  sampling  recording  systems.  The  use  of  a  special  magnetic  circuit  makes  the  output 
of  this  geophone  higher  than  normal  30-Hz  geophones,  ensuring  adequate  signal  strength.  The  high 
natural  frequency  spring  design  also  allows  this  geophone  to  be  used  in  any  orientation  (vertical, 
horizontal,  or  inverted). 

The  SM-11  can  be  installed  in  the  I/O  Sensor  PE-11  land  case. 

Typical  application:  high-resolution  seismograph  reflection  studies. 
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Specifications 


isin  I  iiM  I.  ist. 


Fraquenqt 

Sld-ll/U-R 

Natural  frequency  (IJ 

30  Hz 

Tolerance 

±5% 

Maximum  bit  angle  for  specHied  f. 

180° 

Typical  spurious  frequency 

Dietortion 

Distortion  vyidt  0.7  In/s  p.p. 

>500  Hz 

cod-to-case  velocity 

<0.2% 

Distortian  measurement  frequency 
Maximum  bit  angle  for 

30  Hz 

distorlfon  specificabon 

180° 

Damping 

Open-circuit  damping 

0.55 

Open-drodt  damping  tolerance 

±5% 

Rasletanca 

Standard  cod  resistances 

360n 

Tolerance 

±5% 

Sensitivity 

Open-circuit  sensibvity 

30  V/m/s  (0.75  V/in/s) 

Tolerance 

*5% 

7,785  nHz 

Moving  mass 

9.2  g  (0.32  oz) 

Maximum  cod  excursion  p.p. 

>1  mm  (>0.04  in) 

Physical  Characteristics 

Diameter 

26.6  mm  (1.02  in) 

Height 

32  mm  (1.26  in) 

Weight 

89  g  (3.13  oz) 

Operating  temperature  range 

-40°Cto*100°C  (^‘ 

Limited  Warranty  Period* 


2year5 

•  Wananly  exdudes  damage  caused  by  high-voltage  and  physical  damage  to  the  element  case 


Al  parametets  ate  spedlled  at  '»20°C  In  the  horizontal  posWon  unless  otherwise  staled. 


Ordering  Information 


SM-11 

SM-11Ai-FT  30  Hz  360  n  (upright)  P/N  1011010 

SM-11/H-FT  30  Hz  36011  (horizonM)  P/N  1011030 


UnKad  States  •  Stafford.  TX 

Russia 

England 

Web  Site 

input/Output  Inc. 

Inputrt^ulpul.  Inc. 

Input/Output.  Inc. 

HMWVHI.COm 

Fax  281 879  3500 

Fax  7  095.2322240 

Fax  44.1603.411403 

Ptione  28 1  933  3339 

Phone  7  095  2322254 

Phone  44  1603  411400 

€>  1999  input/Ou^Mit  Inc  Al  rights  reserved 

Infbrmalwn  subject  to  change  wlhout  nobce 

121024B 

01/01 
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APPENDIX  B.  MANUFACTURER  SPECIFICATION  OF  AURA  BASS 

SHAKER 


Spi^ifications: 


lUiis  Shaker 


Pro  Bass  Shaker 


Model  Number . 

Suggested  Retail  Rrice  Her  Hair 

Frame  Size . 

Force,  Heak . 

KfFecme  Impedance . 

Potver.  Continuotis . 

Power,  Max . 

Keiglit . 

Diameter . 

Vtfeight . 

Resonance  Frequency  (fo)  .  .  . 
Usable  Frequency  Range  .... 


.•<lST-1B-4 _ 

$199 . 

$.4-  VC-  X  2.2-  U 
20I2)f(89N)  . 

4  Ohms  . 

25WaasRMS 
50  Walls  R.VK  . 

2.2*  . 

5.1-  . . 

3.0  Ih . 

40  Hz . 

2(F80  Hz  ...  . 


.AST-2B-1 

$239 

.5.4-  W  X  2.2- 1! 
30Ihf(132N) 
.4  Ohms 
.50  Vtiius  RMS 
.75  stalls  RMS 
.2.2” 

.6.2' 

.3.01b. 

.40  Hz 
.20-80  Hz 


lIHCCode . 7-94002-.30750-1  . 7-94002-30770-9 

QTV/.Master  Carton . ft  Pains  . 8  Pairs 

Wt./Master  Carton . 53  Lhs . 55.24  Lbs. 

Dimension  of  .Ma.ster  Carton . 13.5"  L  x  13.0625"  W  x  1 1 .375’  H _ 15.75"  L  x  15.ftl25"  W  x  9.75  "  H 

.Master  Carton,1>allet . 36  M/C  (288  Pairs) . 24  M/C  (192  Pairs) 

Brrss  Shaker  frequency  Hespnnse 


10  40  too 

t.ng  Hz 


•  A  two-channel  50-100  Watt  RNLVchannel  amplifier  is  retommended  with  one  Bass  Shaker 
operating  from  each  channel. 

•  LPF  (k>W'  pass  filter),  if  used,  should  be  set  to  100  Hz. 

•  For  best  resulLs.  drive  both  Hass  Shakers  wtili  same  mono  signal. 

•  Boili  Buss  Sltakers  in  an  installation  should  be  wired  in  pha.se.  'Ibe  Bass  Shaker  wiring  is 
coded  for  piiasir^ 

•  Bass  Shakers  petfonn  best  when  mounted  rigidl>'  to  a  cornplianl  surface  in  the  vehicle. 
"I'he  pan  Iteneatli  the  scats  is  usually  an  kleal  location  for  mounting. 

•  Ba.ss  .Shakers  can  he  combined  willi  a  subwrxtfer. 

•  Tile  23  Wilt  RMS/channel  Bass  Sliaker  and  50  Watt  R.\1S, 'channel  Hn>  Bares  Shaker  are  sold 
in  pairs  and  tue  available  with  tw  without  an  optional  iwoehannel  .Aura  50  Watt 
RMS.''chaiinel  amplifier. 

For  additional  infomiation  contact  Aura  Systems  Interactive  Division. 

/XUJ^A. 

INTiHACTIVC 

A  dlTlSloa  of  AL'RA  .SYSTEMS,  INC. 

2535  Al*&ka  Avenue 
El  Segundu.  CA  9024>5 

Phones  510-645'5500  fixs  510'643'9463  R0O-9O9  AURA 
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APPENDIX  C.  FORCE  SENSOR  DOCUMENTATION 


htzuiKuiyiLb 


CERTIFICATION  OF  CONFORMANCE 


CUSTOMER:  NAVAL  POSTGRADUATE  SCHOOL 
1588  CUNNINGHAM  ROAD 
MONTEREY,  CA  93943-5209 


PURCHASE  ORDER  #  N62271-98-M-0601 
PCB  ORDER  #31853 

CALIBRATION  SPECIFICATION  ISO  10012-1  and  former  MIL-STD-45662A 


SUBJECT:  (1)  MODEL  #  260M06  FORCE  SENSOR  S/N  288 


This  is  to  certify  that  subject  item(s)  have  been  manufactured,  inspected  and  calibrated  in 
accordance  with  referenced  purchase  order  and  conforms  to  the  applicable  specification 
standards.  The  equipment  used  in  validation  is  traceable  to  the  National  Institute  of  Standards 
and  Technology. 


PCB  PIEZOTRONICS,  INC 


Approved  by 


Q.C.  Admin 


Date;  Octobers.  1998 


Date  Octobers  1998 


ISO  9001  Certified 


PCB  Piezotronics,  Inc. 

3425  Walden  Avenue  Depew,  New  York  14043-2495 
Phone:  716-684-0001  FAX:  716-684-0987 
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FiEZOTRONiCS^ 

CALIBRATION  CERTIFICATE 


Model: 

260M06 

Serial  #: 

288Z-AXIS 

Date: 

10/6/98 

Description: 

Force  Sensor 

By: 

Ron  Stevens.  Cal  Tech 

Type: 

ICP 

Station: 

0-10,000  lb  Load  Cell 

Sensitivity: 

0.242  mV/LBF 

Linearity: 

0.58%  FS 

Cert#: 

16667 

Notes: 

1  Calibration  is  traceable  to  NIST  and  complies  with  ISO  10012-1  and  former  MIL-STD-45662A 

2  NIST  traceability  through  project  #  822.07/256377 

3  This  certificate  may  not  be  reproduced,  except  in  full,  without  written  approval. 


PCS  PIE20TR0N1CS,  INC. 

3425  Walden  Avenue,  Depew  NY  14043 
Tel:  716-684-0001  Fax:  716-684-0987 
Email:  sales@pcb.com  Web:  wvvw.pcb.com 

ISO  9001  CERTIFIED 
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Model  Number 

260M06 


ICP®  TRIAXIAL  FORCE  SENSOR 


DYNAMIC  PERFORMANCE 

Range:  Fz 

lb  [kN] 

10,000  [44,48] 

Fx,  Fy 

lb[kN] 

4,000(17,70] 

Maximum  Force:  Fz 

lb[kN] 

11,000(48,93] 

Fx,  Fy 

lb  |kN] 

4,400  (19,57] 

Broadband  Resolution:  Rz 

lb(Nj 

0.05  [0,222] 

(2) 

Rx.  Ry 

lb(N) 

0.01  [0,04] 

(2) 

Sensilivity  (±10%):  Sz 

mV/lb  jmV/N] 

0.25  (0,06] 

K)|5] 

Sx,  Sy 

mV/Ib  [mV/N] 

1.25  [0,28] 

(‘»](5] 

Discharge  Time  Constant:  DTCz 

sec 

250 

DTCx,  DTCy 

sec 

2500 

Amplitude  Non-Linearity 

%F.S. 

SI 

Cl 

Stittness:  Kz 

Ib/pin  (N/pm) 

40  (7  005] 

12) 

Kx,  Ky 

Ib/pin  [N/pm] 

15(2  495] 

|2| 

Cross  Talk:  Fx  »-•  Fy 

% 

±3 

Fx,  Fy  Fz 

% 

±5 

ENVIRONMENTAL 

Temperature  Range 

•F{"C] 

-65  to +250  (-54  10+121] 

ELECTRICAL 

Full  Scale  Output:  Z  Direction 

±  volts 

2.5 

X  and  Y  Direction 

±  volts 

5 

Output  Impedance  (All  Channels) 

ohms 

SI  00 

Output  Bias 

+  volts 

8-14 

Excitation  (All  Channels):  Voltage 

+  VDC 

20-30 

Constant  Current 

mA 

2-20 

Spectral  Noise:  (1  Hz)  X  &  Y 

Ib/VHz  (NA/Hz) 

3.0  X  10  ’ [1,34  X  10  ’] 

(10  Hz)  X&Y 

Ib/VHz  [N/VHz] 

I.Ox  10’i4,45x  10’i 

(lOOHz)  X&Y 

Ib/i/Hz  (NWHz) 

4.0  X  lO'’ (1,78  X  10’i 

(1  kHz)  X&Y 

Ib/VHz  (NA/Hz) 

I.Ox  1 0'*  (4,45  X  10"*] 

Spectral  Noise:  (1  Hz)  Z 

Ib/VHz  [N/VHz] 

2.0x10  ’ (8.90x10  ’] 

(10  Hz)  Z 

Ib/VHz  (N/VHz) 

5.0  X  10  ’ [2,22  X  10  ’] 

(100  Hz)  Z 

Ib/VHz  (N/VHz) 

2.0  X  10  ’ (8,90  X  10  ’] 

(1  kHz)  Z 

Ib/VHz  [N/VHz] 

5.0  X  1 0'*  (2,22  X  10  ’i 

Polarity 

in  direction  ot  markings 

Positive 

MECHANICAL 

Dimensions 

in  (mm) 

2.25x2.25(57,1  x57,1] 

Weight  (without  cable) 

oz  (gm) 

9.55(271] 

Housing 

material 

Stainless  Steel 

Connector 

type 

3  BNC  Plugs 

(6] 

Mating  Connector  Required 

typo 

3  BNC  Jacks 

Sealing 

type 

Hermetic 

Preload 

lb  (kN| 

240,000(2178] 

|3] 

FORCE  RING  MOUNTING  DIMENSIONS 

Bolt  Diameter 

in  [mm] 

0.765  [19,43] 

Size:  I.D.  (Hole  Diameter) 

in  (mm) 

1.023(25,98] 

Height 

in  (mm) 

0.790  [20,07j 

Sensing  Surface 

in  [mm] 

1.800(45,72] 

NOTES: 

[1]  Zero  based  best  straight  line.  |4]  Sensitivities  are  (or  40,000  pounds  preload.  Sensitivities 

[2)  Typical.  may  vary  ±5%  depending  on  preload  used. 

{3}  Preload  should  be  at  least  10  times  the  X  and  Y  operating  range  used.  [5)  Sensitivities  are  dependent  upon  supplied  boll. 

[6]  Molded  integral  4  conductor  cable,  212  (eet  [64,6  meters]  long. 


terminating  In  3  BNC  plugs. 

tn  the  Interest  ot  constant  product  improvement,  we  reserve  the  right  to  change  specifications  without  notice. 
iCP^  is  a  registered  trademark  of  PCB  Piezotronics,  tnc. 


SUPPLIED  ACCESSORIES: 
Model  081 A71  Mounting  Stud 
Model  083A1 1  Pilot  Bushing 


OPTIONAL  ACCESSORIES: 

Model  080A82  Assembly  Lubricant 
Model  082B06  Anti-Friction  Washer 


METRIC  SUPPLIED  ACCESSORIES: 
Model  M081A71  Mounting  Stud 
Model  M083A1 1  Pilot  Bushing 


PIEZOTRONICS 


Drawn  |  ^ 
Engineer 
Sales 

Approved  /» 


Spec  No. 


/P 
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APPENDIX  D.  PROFESSOR  JAMES  SABATIER  MINE  HUNTING 

METHOD 


Professor  Sabatier,  of  the  University  of  Mississippi, 
has  a  method  of  finding  buried  mines,  as  follows:  He  uses 
a  loudspeaker  in  air  to  irradiate  the  sediment  or  soil.  If 
they  are  dry,  there  is  no  critical  angle,  and  the  sound 
directly  enters  the  ground.  This  is  called  the  "soda  straw 
effect."  Once  in  the  ground,  it  penetrates  straight  down. 
If  a  mine  is  present,  the  top  of  the  mine  reflects  the 
sound  upwards,  to  the  soil  or  sediment  surface,  and  bounces 
back  and  forth,  between  the  mine  and  the  surface.  He 
detects  the  vibrating  surface  of  the  soil  or  sediment  with 
a  scanning  laser  Doppler  vibrometer,  and  plots  out  a  pixie 
cell  map,  that  shows  the  "hot  spots,"  where  the  mines  are, 
in  an  x-y  format.  See  sketch  below. 
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